Abstract. Direct spectral method simulation of the three-dimensional magnetohydrodynamics (MHD) equations is used to explore anisotropy that develops from initially isotropic fluctuations as a consequence of a uniform applied magnetic field. Spectral and variance anisotropies are investigated in both compressible and incompressible MHD. The nature of the spectral anisotropy is consistent with the model of Shebalin et al. [1983] in which the spectrum broadens in the perpendicular wavenumber direction, the anisotropy being greater for smaller wavenumbers. Here this effect is seen for both incompressible and polytropic compressible MHD. In contrast, the longitudinal (compressive) velocity fluctuations remain isotropic.
vector triads; there are many of these with nonzero MHD coupling strengths. However, when a mean field is present, the condition for efficient couplings is more stringent. Resonant couplings will be the most effective, amounting to a frequency matching among the allowable triads of Fourier modes. As Shebalin et al.
noted, for resonance one member of each triad must have its wave vector perpendicular to the mean field. In a wave vocabulary this is a "nonpropagating" or "zero frequency" mode and not a linear wave eigenmode [see, e.g., Montgomery and Matthaeus, 1995] . The most efficient spectral transfer appears to be into these perpendicular Fourier modes that are not included in weak turbulence treatments [Goldreich and Sridhar, 1995] .
Consequently, anisotropic spectral transfer of this type appears to be an intrinsically nonlinear effect associated with turbulence.
Approach and Methods
Our results are obtained through direct numerical simulation of both the compressible and incompressible 3D MHD equations. The incompressible runs make use of the familiar Galerkin method [Orszag, 1971] The angle brackets denote a volume average over the periodic box. In the incompressible limit the total fluctuation energy approaches E inc -E • 4-E • --* u2/2 4-b2/2 as the internal energy fluctuations become negligible. Qualitatively, one associates the incompressible MHD model with the Ms -• 0 limit of the compressible equations. However, it is now reasonably well understood, both for hydrodynamics Majda, 1981, 1982; Ghosh and Matthaeus, 1992] and for MHD Matthaeus, 1992a,b, 1993] , that additional conditions are required to ensure a proper "nearly incompressible" limit and a smooth approach of solutions of the compressible equations to solutions of a related incompressible problem. Although we shall not examine the structure of the incompressible limit in a rigorous way in this paper, it will be of interest to consider certain quantities that relate to the approach to incompressibility. For example, it is useful to separate the fluid velocity u into an irrotational part associated with compressive behavior and a solenoidal part associated with incompressible motions. This is easily accomplished in a Fourier representation by projecting out the part of the amplitude u(k) that is parallel to the wave vector k and then summing over wave vectors. The velocity can then be written as u-uT-•-uL, where the longitudinal velocity uL is irrotational and the transverse velocity uT is solenoidal.
In order to quantify the degree of spectral anisotropy associated with a flow we employ the generalization of the Shebalin anisotropy angles 0Q, introduced in previous incompressible studies [Oughton et al., 1994] Physically, tan •' 0q may be interpreted as the ratio of a weighted mean square perpendicular wavenumber to its parallel counterpart, the weighting factor being the spectrum for q. Thus an isotropic spectrum corresponds to 0q -tan -• x/• -• 54.74 ø. A 2D (or quasi 2D) spectrum has all (nearly all) of its energy in modes perpendicular (or nearly so) to B0 so that 8Q • 90 ø, while a slab spectrum has energy only in wave vectors along B0 and 8Q -0.
In the present study of anisotropy the spatially uniform magnetic field B0 will always be in the •. direction so that "perpendicular" refers to the ß and y directions and "parallel" to the z direction. Spectral anisotropy will be seen to develop with respect to the B0 direction; this corresponds to an asymmetry in the distribution of scalar energy in various parts of the k space. Distinct 
where ( Category 2 compressible runs (s05-s06) differ greatly from the first set, because instead of having a purely solenoidal velocity field, their Fourier coefficients have been adjusted so that u4, = 0, and thus the velocity field is purely longitudinal. This condition lies well outside the NI regime and is normally associated with acoustic or magnetoacoustic wave activity. However, the spectrum of the velocity field is the same as for the earlier runs.
All runs listed in Table i 
Results

Spectral Anisotropy of Velocity and Magnetic
Fields
We address the issue of spectral anisotropy by comparing the behavior of the compressible runs s01-s04 with the reference incompressible run. To illustrate the overall dynamical evolution in these runs, Figure 1 shows time histories of energy (kinetic plus magnetic) and mean square electric current density (j2). There Since this tracking appears in such widely ranging circumstances, it is tempting to speculate that the effect is robust and that even a small increase in uT over uL may be enough to trigger a clear and observable relationship between density and solenoidal velocity spectra.
The information gleaned from the anisotropy angles can be seen directly, if less quantitatively, by plotting intensities of the spectrum in various reductions and cuts through the k space. ances larger than the parallel one. The nature of low-• variance anisotropy can be different in the highly compresslye category 2 runs, in which larger parallel variance sometimes occurs, and more importantly, the variance anisotropy of the velocity is larger than that of the magnetic field.
Summary and Discussion
In this paper we have examined the nature of spectral and variance anisotropies in three-dimensional compressible and incompressible MHD turbulence for periodic geometry. The incompressible case has been exten- However, if MHD turbulence is indeed responsible for the variance anisotropies in the solar wind, the present results suggest that the solar wind fluctuations are not highly compressire like the category 2 simulations here that started from purely longitudinal velocity fields. Although the mechanism for production of the variance anisotropy in the simulations is not yet entirely understood, there is some indication that it is connected with low/3. This is suggestive of the constraints that arise in nearly incompressible theory in the low-/3 limit Matthaeus, 1992a,b, 1993] . In such cases the approach to incompressibility demands that the turbulence reside in a state of almost 2D spectral anisotropy, while also having small O(M,) parallel velocity and magnetic field components. Thus in the low-/•, low-M, NI limit the variance anisotropies become quite large. This pattern is suggestively similar to what we observe in the simulations. However, this falls far short of an explanation in view of the fact that we have not verified that these simulations, especially those at low/•, are of the proper NI variety. In particular, we have not attempted to obey the geometrical constraint of spectral anisotropy in the initial data that is required for the low-• NI limit.
We are left with a partially satisfying conclusion. Compressible simulations show that locally homogeneous MHD turbulence can produce important features of the spectral and variance anisotropies that are currently thought to characterize solar wind turbulence.
These features are exhibited when the turbulence occurs in the presence of a mean magnetic field, when it is not too far from incompressibility, and when the plasma • is unity or lower. The explanation of the appearance of the spectral anisotropy appears to be firm, the available explanations for the appearance of variance anisotropies, based upon nearly incompressible theory, is an incomplete subject. It is likely that future studies will serve to further clarify various issues regarding anisotropies that appear in MHD, including theoretical refinements and additional observational connections.
